We grow carbon nanotube forests on piezoelectric AlN films and fabricate and characterize nanotube-based solidly-mounted bulk acoustic wave resonators employing the forests as the top electrode material. The devices show values for quality factor at anti-resonance of ~430, and at resonance of ~100. The effective coupling coefficient is of ~6%, and the resonant frequencies are up to ~800 MHz above those observed with metallic top electrodes. AlN promotes a strong catalyst-support interaction, which reduces Fe catalyst mobility, and thus enforces the growth of forests by the base growth mechanism.
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There exists nowadays an increasing need of developing chemical sensors suitable for real-time detection of gaseous species 1,2 (e.g. in breath-based diagnosis 3 or in hightemperature engine combustion 4 ). Among them, label-free gravimetric sensors, using acoustic wave technologies 1 , are the most promising options. They offer real time detection and high sensitivity, and can be integrated into complex devices at a low cost. One of the most common types of these sensors is the high-frequency bulk acoustic wave resonators, which consist of a thin film piezoelectric material (typically AlN) 5, 6 sandwiched between two metallic electrodes (e.g. Mo, W, Au, or Pt) to which a microwave (RF) signal is applied. 1 To maximize the gravimetric sensing performance, the top electrode should exhibit low mass, as the sensor response is a detection of the electrode mass variation. It is also desirable to maximize the contrast between the acoustic impedances of the AlN film and those of the electrodes. This allows confining the acoustic energy in the AlN and hence improving the overall device performance. In this letter, we report the fabrication and characterisation of electroacoustic resonators using carbon nanotube (CNT) forests as top electrode.
One of the drawbacks of currently-used metallic top electrodes is their limited area for sensing. This, along with the fact that the mass density of aforementioned metals is high (10-20 g cm -3 ) and induces a high mass loading for the resonators, warrants the investigation of alternative materials such as nanotube forests. Unaligned, tangled tubes have already been suggested for similar applications, but the potentiality of forest highly-ordered morphology and nanotube vertical alignment remains unexplored. [7] [8] [9] Forests exhibit not only high surface area, but also low mass densities (as low as ~0.10 g cm -3 ). They would allow a much lower mass loading for a resonator, even for tubes lengthening several tens of micrometers. 10 The weight of the top electrode would thus become controllable by varying the area density, length, nanotube wall number. 11, 12 Additionally, as nanotubes can be easily functionalized, 13- 17 the top electrode could also serve as a sensing layer. These features envisage that forest integration into resonators would make vertically-aligned CNTs a suitable top electrode material also acting as a sensing layer.
The fabrication of nanotube-based resonators requires fully controlling CNT growth on AlN, but this material has been poorly investigated as nanotube catalyst support. 18 Herein, we demonstrate forest growth directly on AlN by chemical vapour deposition (CVD) in a simple processing step, and explain why this is possible. Using these forests, we fabricate nanotube-based, solidly-mounted bulk acoustic wave resonators. We study their resonant characteristics and determine values for quality factor at anti-resonance, Q a , of ~430, and at resonance, Q r , of around 100. The effective coupling coefficient, k eff 2 , is of around 6%, and the resonant frequencies, f r , are up to ~800 MHz above those observed with metallic top electrodes and the same piezoelectric film thicknesses.
To obtain these results, we fabricate resonators with an AlN film (100 nm thick)
deposited on an acoustic reflector in order to minimize the losses of acoustic energy to the substrate. 19 The substrate is Si(100) coated with its native oxide. Figure 1a . 20 The quality factor values at resonant and anti-resonant frequencies are assessed by fitting the electrical impedance responses of the resonators with the modified Butterworth van Dyke model. 21 For their calculation, we use: ,
where  r and  a are the resonant and anti-resonant angular frequencies, L m is the motional inductance, and R s , R m , and R 0 are the series, motional, and loss resistances. The effective coupling coefficient is calculated using: ,
where f a is the anti-resonant frequency. The devices achieve k eff 2 in the range of ~6%. The typical f r value is found to be ~3500 MHz. This value is about 800 MHz above of that found using metallic top electrodes and same AlN thickness. At this f r , we determine Q a values of about 430 and Q r values of up to 100. Finally, the series resistance, R S , averages values of
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~33 Ω. The 800 MHz shift is strongly correlated to the geometry of the device (mainly the thickness of the piezoelectric layer and those of the electrodes) as well as to the properties of the electrode materials. In comparison to metallic electrodes (active area is 2500 m 2 ), the active area of the forest top electrode (3-walled tubes, 7 nm diameter, 50 m length, and area density of 510 11 CNTs cm -2 ) has increased up to seven orders of magnitude, whilst the electrode weight has diminished up to 3-fold, regardless of the fact that the electrode height changes from 120 nm (e.g. Mo) to 50 m (nanotubes). Both active area and electrode mass can be further scaled by varying the properties of the tubes (area density, wall number, length, and tube diameter). [22] [23] [24] Additionally, as the tubes can easily be chemically functionalized, 25 a forest top electrode could bond targeted species, which would allow dramatically enhancing the selectivity of a sensor. This would increase the possibilities of label-free gas detection (biological or non-biological species) depending of the designed affinity reaction.
The overall results suggest our devices are useful for the manufacturing of gravimetric sensors. The k eff 2 value of ~6% is comparable with those obtained using a Mo or Ir top electrode. However, for fully integrating CNTs top electrode, the R S should be lowered, close to that of ~2 Ω observed for metals. High resistive electrodes introduce high R S and, consequently, worsen Q r and make the frequency detection more difficult (since Q r is inversely proportional to R S , Eq.1). Herein, the relatively high values of R S are related to the high sheet resistance of the tubes. It may be improved by increasing the nanotube area density, although this may also influence the electrical static capacitance of the devices. 26 Higher area densities will also improve Q a , which currently average ~650 for metallic electrodes. Another option to reduce R S could be to deposit a conductive interlayer on top of AlN. Several metals and compounds (e.g. W, Ir, Mo, TiSiN, doped-Si) [27] [28] [29] [30] allow direct forest growth, and so would reduce the contact resistance while the electrode weight is still low.
Further growth investigations prove it is feasible to tailor forest properties. We also prove nanoparticle stabilisation by interrupted growth. 36 After 0. theory calculations (same as previous), 29 we confirm that the surface energy of AlN is higher than that of Al 2 O 3 . We calculate the crystalline 1000 and amorphous surfaces using an ultrasoft pseudopotential with cut-off energy of 380 eV. The surface is cleaved from the Alterminated <1000> direction because its surface energy is lower than that of N-terminated.
To allow surface reconstruction, we use 2 and 3supercells. 
